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SECTION 1. INTRODUCTION

Electrical wiring systems are used extensively on spacecraft and satellites for power management and
distribution, control and command, and data transmission. The reliability of the wiring systems when

exposed to the harsh environments of space is very critical to the success of the mission and the safety of
the crew.

Failuresin aerospacevehicleshave been reportedboth on the ground and in flightdue to arcingand arc

propagationin thewiring harnesses.Arc trackingisthepropagationof an arcalong wiring bundles,and

ismade possibleby insulationdegradation.Therefore,itisnecessarytodevelop arctrackresistantwiring
insulationin ordertominimize,ifnot eliminate,the riskof failureof criticalsystems caused by electrical

shortsand arc propagation.The arctrackingfailuremode representsa more severeriskto the aerospace

vehicle than a simple electricalshort,due to the difficultyof faultdetection,and the possibilityof
"flashover"ofthe arctracktoadjacentwires,leadingtothepossiblelossof entirewiringharnesses.

A NASA Officeof Safetyand Mission Assurance (Code Q) program iscurrentlyunderway toidentifyand

characterizewiringsystems intermsof theirpotentialuse inaerospacevehicles.Electricalwiringdesigned

for power handling,management and distributionwillbe characterizedin thisprogram. Signal-level
cablesand wires,which areintendedfordatatransmissionand communication, willbe excluded because

thesewire typeshandle lower power and voltagelevels,and thereforeare lesssusceptibletoarc tracking.

The goal ofthisprogram istoprovidetheinformationand guidanceneeded todevelop and .qualifyreliable,

safe,lightweightwiring systems,which are resistantto arctrackingand smtame xoruse m space power

applications. New guidelineswillbe issuedonce safeoperatinglimitsfor these systems have been
established.This program isbeing performed by theElectricalComponents and Systems Branch, Power

Technology Division,atthe NASA Lewis Research Center (LcRC), and ismanaged by NASA LcRC

under the top level management of NASA Headquarters, Office of Safety and Mission Assurance,
Technical StandardsDivision(Code QW).

Extensive data already existsfrom testingperformed in recentyears on the characteristicsof wiring

insulations,includingthe susceptibilityto arc-tracking.Therefore,thisprogram isintended to complete

the database of testinginformation on previously analyzed wire types,and consider new insulation

constructionsand materialsnot previouslyevaluated.The wire types which arclikelytoperform bestin
each of the differentNASA environments willthen be identified.The program is divided intothree

technicaltasks: identifyingthe NASA operationalenvironments (Task #1), performing testingand

analysis(Task #2),and analyzingthewiringsystemstechnology (Task #3).

The purpose of thisreportisto identifythe environments which NASA spacecraftwilloperate,and to
determine the specific NASA testing data which needs to be g.athered to veri_, .the _g insulations for
NASA use. This data will be valuable to spacecraft designers m deterrnmmg me vest wrong construcuons
for the different NASA applications. This report contains the background information related to the
existence of previous spacecraft wiring failures, and other programs which have addressed the arc tracking

phenomenon (Section 2). The various types of insulation degradation which can lead to wiring failures are
discussed (Section 5). Then the operational environments which are encountered by spacecraft during
different NASA missions are introduced (Section 6), and the testing which needs to be performed to
address these conditions are outlined (Section 7). Finally, the testing plans and a smmnmy of existing test

data are given in this report (Section 9: Appendix A). This report will be combined with the reports for
Task #2 and Task #3, when complete, to form the final program report.
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SECTION 2. BACKGROUND

2.1 HISTORY

In the aerospace arena, wiring system failures have proven to be very costly in terms of loss of. very
expensive equipment, imperilment of missions, and loss of fives. Often, a wiring system failure is not
simply the result of inadequate insulation, but it is due to a combination of wiring system factors. These
include mishandling of wiring insulation, system designs which expose wires to abnormal stresses, and
exposure to fluids which degrade the insulation. Some of the NASA missions with wiring systemfailures
are shown in Table 1.

Table 1. Space Missions with Wiring System Failur_ [1 - 10]

Mi_ion ¢'_,_ Result

Gemini 8 Eleclrical Wiring Short Shortened lVlission - Near Loss of Crew

Apollo 204 D,omaged Insulation, Electrical Spark, 100%O2 Fire, 3 Astronauts Lost

Apollo 13 Damaged Insulation/Short Circuit/Flawed Design Oxygen Tank Explosion, Mission Incompleae

STS - 6 Abrasion of Insulation/Arc Tracking Wire Insulation Pyrolysis, 6 Conductc_ Melted

STS - 28 Arc Tracking Teleprinter Cable Insulation Pyrolysis

Magellan Wrong Wiring Conneclion, Wiring Short Wire Insulation Pyrolysis - Ground Processing

Specelab Damaged InsnlaticvJArc Tracking Wiring Insn_fion Pyrolysis During Maintenance

Delta 178_OES-G Mechanical or Eleclrochemical Insulation Damage Loss of Vehicle

SRB Fuel Isolation Valve FailureSTS-48

ESA - Olympus

Insulation Bleakdown - Fluid

Electrical Wiring Short Loss of Solar Array

Since the mid-sixties, polyimide (MIL-W-81381) has been the most common material used as wiring
insulation in aerospace applications due to its high dielectric strength, low weight, non-flammability, good
thermal properties, and high abrasion resistance. However, it has been reported that MK_W-81381 may
undergo some degradation under certain operational environments [4,11-14]. This degradation can lead to
arc-tracking, which is the propagation of an arc along a wire. The Navy, which has had an extensive
failure history with polyimide wire and has investigated the use of polyimide wire in Naval aircraft
thoroughly at its Naval Research Laboratory, has banned the use of polyimide wire (MIL-W-81381) in its
aircraft [11-13,15].

2.2 STATUS

NASA will engage in manned and unmanned space activities that will demand larger amounts of electrical
power over longer lifetimes than those of current spacecraft, increasing, the likelihood of electrical failure.
Arc-tracking, which has often not been accounted for in the engineenng design, can represent a serious
and potentially catastrophic event for aerospace vehicles, and testing to assess the.sus_p.tibi.fity.to.arc
tracking is necessary. However, since arc initiation usually results from damage to me wn'mg msutauon,
potential for arc tracking can be greatiy reduced by implementing specific design features and correct
installation procedures. These include: (a) wire separation cdmia, Co)physical barriers to arc p_pagation_
(c) advanced circuit protection devices, (d) wiring protection such as wraps and conduit, ana _e) proper
handling and scheduled maintenance of the wiring systems. System redundancy is also an effective
method of ensuring that arc tracking in critical system does not result in a catastrophic failure. In the
absence of an electrical insulation which is perfect for every application, it is necessary to consider the
overall wiring system when dealing with spacecraft electrical systems. New technologies of fault detection
may improve the system safety and therefore need to be investigated.
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Recent programs and testing efforts have analyzed the insulation properties for aerospace applications,
including the arc-tracking phenomenon, for various insulation types. These programs included those of
the Air Force Wright Laboratory (WL) and McDonnell Aerospace Company (MDA) which tested "hybrid"
insulations for the aircraft environment, the Johnson Space Center (JSC) which have characterized

insulations for the Space Station and Space Shuttle programs, the Marshall Space Flight Center (MSFC)
which test insulations for various space environments, the Naval Research Laboratory which investigated

the properties of insulation hydrolysis, and the DuPont Corporation which has examined the properties of
various DuPont insulations. These programs and testing data focus primarily on experimental testing and

evaluation for a range of aircraft operational conditions, or a specific NASA application such as Space
Station Freedom or the Space Shuttle Program. This program will establish a comprehensive test matrix

and considering the testing performed previously by these groups, will conduct the additional testing
needed to evaluate the most promising insulation constructions for use in NASA applications.

2.3 PROGRAM PLAN

A workshop was held at the NASA Lewis Research Center in Cleveland, Ohio in July 1991 to address
issues and concerns about electrical wiring for aerospace applications. Scientist and engineers

representing several US federal agencies, national laboratories, academia, and private industry, excnangea
results and experiences in dealing with a variety of wiring insulation materials. A NASA Office of Safety
and Mission Quality (Code Q) program was then established to identify and characterize wiring systems in

terms of their potential use in aerospace vehicles.

2.3.1

The goal of this program is to provide the information and guidance necessary to develop and qualify
reliable, safe, lightweight wiring systems, using new wiring insulation and constructions which are
resistant to arc tracking and suitable for use in space power applications.

2.3.2

The approach combines NASA LeRC in-house, other NASA centers, Department of Defense (DOD)
laboratories, and contracted efforts to achieve the objective. The program is divided into the following

tasks:

Task #1 NASA Operational Environments: The objective of this task is to identify operational
environments as relevant to electrical power wiring for a variety.of NASA space missions
and vehicles, to evaluate the applicability of the findings of previous aerospace wiring test

programs to NASA missions, and to identify the additional testing necessary to identify the
best candidate insulation constructions for NASA applications.

Task #2 - Wiring Construction Testing and Analysis: The objective of this task is to evaluate potential
insulation systems and to determine their suitability for use in NASA aerospace
environments.

Task #3 - Wiring Systems Technology: The objective of this task is to address safety and reliability
issues of complete wiring systems. This task will identify related technologies which have

an impact on prevention, detection, and isolation of wiring failure and system
reconfiguration following failure.

Task #4 - Management Planning: The objective of this task is to plan, manage, and report on the

progress of this program.
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SECTION 3. PURPOSE AND OVERVIEW

The purpose of the NASA wiring program is to identify and characterize wiring systems which enhance
the safety and reliability of aerospace vehicles. This information will provide the basis of new guidelines
for the wiring of NASA power systems. To facilitate the acceptance of these guidelines throughout the
aerospace community, the input of the various NASA centers and DOE) laboratories, industry, and
academia has been solicited in the initial phases of the program, and a high level of involvement will
continue throughout the duration of the program.

The military has developed an extensive database of testing information for aircraft wiring systems,
identifying potential materials and wiring constructions and their arc tracking behavior. However, the
NASA environments, and therefore the insulation requirements, may be significantly different than for
aircraft. These include wiring systems which must operate in Earth-orbiting satellites, inside presstwized
modules, on the lunar and martian surfaces, and in trans-atmosphedc applications, such as the Space
Shuttle and other launch vehicles. The NASA program extends beyond the existing testing database for
wiring to completely address the effects of the NASA unique mission enviromuents. The operational
environments for space missions, and the existing testing databases for wiring systems, are presented for
use by spacecraft design engineers.

3-1



SECTION 4. SCOPE

The scope of this program, and therefore this report, is limited to the electrical wiring of "conventional"
power systems. The electrical operating conditions of such systems axe discussed in Section 6. Wiring

for applications other than power handling, such as for data transmission and communication, while not
required to meet the electrical requirements of power wiring, are still expected to be subject to the space
environments defined in this report. Wiring systems with extreme electrical requirements, such as lunar
surface transmission of power at very high voltages (kV's), are not considered to be within the scope of

this program. Additionally, other potential space operational conditions, such as the high temperature and
radiation environment in the close vicinity of a space nuclear reactor, are not included in this program.

In this report, the operational environments for aircraft and space missions are presented and discussed.
The classifications of NASA missions which are considered in this report are as discussed below:

a. Pressurized Module Environments: These include the manned environment of the space

shuttle, and the Space Station Freedom habitation and laboratory modules, which axe
characterized by an enriched oxygen environment. The operational effects of launch/decent of

the pressurized modules are also included in this environment.

b. Low Earth Orbit/Gensynchronous Earth Orbit (LEO/GEO) Environments: These include the

LEO orbiting Space Station Freedom, and the many satellites (i.e. communications, remote
sensing) which are positioned throughout the LEO and GEO orbits. Again, the launch

operational effects are included in this case.

c. Trans-atmospheric Vehicle Environments: These include the operational environments of the
space shuttle (manned) and the expendable launch vehicles (unmanned) as they travel from the
Earth's surface to space. The operational temperature ranges (hot and cold) of the NASA

applications which are considered in this pro_am will be given in Section 6. Extreme
_atures outside of these ranges, such as engine heat during launch, friction upon vehicle
re-entry, or deep space, may reqtttre specialized insulations, and are beyond the scope of this

program.

d. Lunar and Martian Environments: Included will be permanent outposts on the lunar and
martian surfaces. Like the other cases, the operational effects of launch/descent will be

included in this environment.

The testing which was performed to verify the insulations for the aircraft environment are in many cases
sufficient for NASA missions as well. There are, however, environments which are unique to NASA

spacecraft. The testing required for wiring which will operate in each of the NASA application
environments, as compared to the testing already performed, will be outlined in Section 7.
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SECTION 5. DEGRADATION AND FAILURE OF ELECTRICAL WIRING

INSULATION

This section discusses the various forms of wiring insulation degradation and failure modes which can

occur when the wiring is in operation on spacecraft. In Section 6, the environmental conditions which will
be encountered by NASA spacecraftwillbe introduced,and in Section7, the testingwhich isneeded to

evaluate wiring constructions for use on NASA spacecra_f-t, when the environn_nts, spacecraft design, and
mission operationsareconsidered,willbe determined.

5.1 Tnsnlation Degradation Tvnes

5.1.1 Ab_on. Vibration and tight confinement can result in abrasion, causing wire damage during

flight and while servicing. The vibration during launch can result in abrasion damage to both the
launch vehicle and its spacecraft cargo [4,16]. While maintenance procedures can result in high

levels of insulation degradation as has been experienced on the Space Shuttle [9].

5.1.2 Atomic Oxygen (AO) Effects. Exposure to AO erodes certain insulation materials to the

point of causing a loss of mass, which results in a reduced insulation thickness and a change in
the functional properties [17]. Additionally, the synergistic effects of AO and UV radiation

exposure can be more extreme thaneithereffectwhen consideredseparately[14].

5.1.3 Char_ed Plasma Effects. In the GEO environment, a low-density, high energy charged

plasma can lead to differential charging of different spacecraft parts. At times of solar substorm
activity, the plasma interactions can be elevated to levels exceeding the breakdown voltages,
leading to and arc between spacecraft surfaces [18-20]. The Low Earth Orbits have a high-
density, low energy plasma. This type of plasma does not ordinarily lead to differential
charging, but to charging of the spacecraft surfaces with respect to the surrounding plasma. Arcs
in LEO occur from conductor-insulator junctions (including holes in wiring insulation) when the

conductor is highly negative when co .ml).ared to the surrounding plasma [20.]. It has also been
shown that the combined effect of debris xmpacts and the charged plasma envtromnent can result

in the vaporization and ionization of material during the impact, and the initiation of an arc [21].
For wiring, the plasma environment would only be a factor for externally exposed wires

5.1.4 Electrical Breakdown. The electrical breakdown of the insulations can result from corona,

which is the discharge of an electrical arc from the wire conductor to a point of lower potential,
either another conductor or simply the surrounding space. According to the Paschen

relationship, with increasing voltage the possibility of corona rises, with the inverse relationship

holding for pressure [16].

5.1.5 Electromagnetic Radiation. Electromagnetic radiation includes ultraviolet (UV) light, x-

rays, and gamma rays. Oxidation is the most severe damage due to UV radiation, but this wili
only occur where oxygen is present, such as on the Earth's surface. However, UV radiation is
generally minor. Nonetheless, the UV radiation can cause insulation embrittlement as a result of
chain scission or cross-linking, reduce insulation mass, and also cause color changes [16,22].
Additionally, the synergistic effect of UV and AO exposure can cause even more severe mass

loss [14].

5.1.6 _1._[£1_. Hydrolysis is a degradation of the insulation material due to exposure to certain
fluids or moisture; it results in loss of strength, causes embrittlement, and makes the insulation

material susceptible to cracking. The hydrolytic reaction reduces the polymer chain length and
rendersitweak and brittle,with a tendency tocrack radiallyatsharpbends [4,17].The exposure

of insulationto strong alkalisCnigh pH solutions)acceleratesthe rate of degradation from

negligiblysmallto unacceptable[17,23].
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5.1.7

5.1.8

5.1.9

5.1.10

lnsnlafipn Cut Throw, h. Cuts or notches in the insulation can be caused by a number of
mechanical stresses including vibration, maintenance procedures, and meteoroids and debris.
These can damage the insulation integrity, rendering the wires susceptible to arc initiation.
Meteoroids and debris impacting the surface of the wiring can create holes in the insulation, even

particles less than 1 turn in diameter may be damaging because of the f_xtuency and velocity of
impact, while large pieces of debris could completely sever a wire [16].

Out_assin_(Thermal Vacuum Stability). Outgassing occurs at low pressures or in a
vacuum, vFhere molecules with relatively low weight fractions, unreacted additives,
contaminants, adsorbed (on surfaces) and absorbed (in bulk) gases, or moisture evaporate. The
loss of these additives and contaminants can change important pro.perties of the insulation. For

example, the loss of a plasticizer by evaporation in a vacuum envtronment will produce a more
rigid or brittle material, with a corresponding decrease in elongation and increase in tensile and
flexure strength. Chemical changes may occur when water and gases gradually diffuse out of the
material, which can lead to the degradation of the wiring insulation [ 16].

Particulate Radiation. The particulate radiation environment is composed of cosmic rays,
Van Alien belt radiation, aurora particles, and solar flare particles. It consists of electrons,

protons, neutrons, alpha particles, and others. The damage is dependent upon the energy and
type of particles. Radiation damage such as removal of a bonded electron leading to bond
rupture, free radicals and discoloration can occur. The result can include the loss of mechanical
strength, an increase in vapor pressure and viscosity, and a reduction in molecular weight [16].

Temnerature Effects. Under normal gravity and atmospheric conditions, gasses can provide

cooling to an overheated or burning wire due to convection processes. However, in space, hot
gasses can remain stagnant in the area of the heat source. Because of the absence of most heat
transport systems, space wiring systems may be subjected to extreme high and low temperatures.
Short of direct thermal damage, the effects of aging may be accelerated under temperature
extremes. Elevated temperatures can cause damage such as softening, melting, and chemical

decomposition, while extremely cold temperatures can cause some insulations to become brittle

[16,241.

When exposed to thermal cycling, the cable conductors and insulations, which have different
coefficients of thermal expansion, will experience mechanical stress each thermal cycle.

Repeated tensile and compressive forces will react against the connector pins, assuming that the
connectors are restrained. Although small, the movement is cyclic and continuous for the life of
the cable insulation. Some polymers have a "memory" in that they tend to crease, stretch, or fold

in the same place once this action has occurred. Repeated creasing or stretching in the same place

will eventually lead to insulation failure [25].

5.2 Insulation Failure Modes

5.2.1 _iLg_. Arc tracking in electrical wire insulation has recently been identified as a failure
mode that can cause extensive damage to aircraft wire harnesses and possible secondary ignition
of other materials. Arc tracking occurs when an insulated wire sustains a propagating arc at a
certain current or voltage. An electrical arc can be produced due to a short circuit, overload
current, or localized stressing of the wiring systems. Wiring insulations can become susceptible

to electrical arc propagation when mechanical, chemical, or thermal damage has occurred (dry arc
tracking), or when a conductive fluid is .present (wet arc tracking). Once initiated, the arc can
propagate along the wire or to adjacent wries (flashover) causing a circuit malfunction. The rate
and extent of arc tracking depends on the type of insulation material and construction, applied

power and frequency, wire gauge, and environmental factors, such as temperature, pressure, and
humidity. When relating voltage level to arc-tracking, tests have shown that in general the
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5.2.2

5.2.3

probability of arc-tracking becomes greater as the voltage level rises, with the exception of a
possible dip at intermediate voltages (120 to 160 Volts) [16,26].

In some cases, the conductive path of the carbon arc track displays a high enough resistance such
that the current is limited, and therefore may be difficult to detect using conventional circuit

protection. Tests at the NASA Johnson Space Center (JSC) have shown that for the space
shuttle power system, arc-tracking was limited to lengths of less than I" up to 6" [17,25-28].
New fault detection technology may improve the detection of these faults.

.C.9,__II. The combustion of materials which can result from an electrical arc is influenced

by the percent oxygen and pressure level in the area where the wire is operating. MIL-W-81381
was chosen because of its favorable properties, including being non-flammable. To be
considered for NASA applications, all of the insulation materials must also be non-flammable
[17,23]. An enriched oxygen concentration can increase flame-spread rate, and increase

extinguishment difficulty [24].

Electrical Short. An electrical short is the most common form of failure occurrence in

electrical wiring. Arc tracking (see above) is a secondary type of failure which can occur as a
result of a short circuit fault. Most short circuits result in extremely high currents, and are

interrupted by the protection systems. However, even momentary short circuits can result in
_nt insulation damage or the initiation of combustion. The extent of damage which occurs
as a result of a short circuit fault is dependent upon the circuit protection, wiring insulation, and

operational environment.

5-3



SECTION 6. OPERATIONAL ENVIRONMENTS OF WIRING SYSTEMS

The specific electrical, mechanical, and envixonmental conditions for the NASA missions and military
aircraft are given in Table 2, and discussion and references are provided in this section. The NASA
mission environments can then be compared to the aircraft enviroment (Section 7), for which testing has

already been performed in the WL testing program (Section 9). This comparison, combined with the
database of testingresultswhich currentlyexistsfrom otherDOD and NASA programs (Section9),will

yield the additionaltestingwhich needs to be performed in thisprogram. The specificoperational
conditionsto be addressed,asdefinedin Section4,consistof the NASA pressurizedmodules, low Earth

orbit(LEO) spacecraft,gcosynchronous Earth orbit(GEO) spacecraft,trans-atmosphericvehicles,lunar

surfaceand Mars surfacemissions.

6.1.2

6.1.3

6.1.4

6.1.5

6.1.6

NASA Pressurized Module Oaerational Environments

_. The space shuttle has a 28 VDC power system, supplied by 3 primary .fuel cells
which can supply a total of 7 kW of steady state power to the payload and habitat regton of the
vehicle [29-32]. The original Space Station Freedom design had a total power requirement of 75
kW from four 18.75 kW solar modules. Presently the design requirement has been scaled back
tO 56.25 kW due to the elimination of the fourth solar power module [33]. The distribution

voltage inside the Space Station Freedom pressurized modules, between the internal DC to DC
converter units and the loads is 120 VDC. At the loads the distribution voltage is 28 VDC [34].

_. The interior temperature of the pressurized modules is to be regulated for
habitation by astronauts, these temperatures can range between 18.3"C and 26.7"C [35].
Because of the regulated temperature, thermal cycling is not a significant factor.

_. In the NASA presslrized environments, the atmosphere will be nominally air
(21% oxygen, 101 kPa total pressure) enriched to 30% oxygen at 69 kPa total pressure for

prebreathing prior to an extravehicular activity [35,36].

_. The only significant vibration which the pressurized environments will experience
are during launch, since very little vibration will occur while in orbit. The launch vibration
environment, depending upon the launch configuration, can approach values of acceleration as

high as 10g and frequencies approaching 1000 Hz [37].

For both the Space Shuttle and expendable launch vehicles, vibration induced from acoustic
fields may be an important factor. After ignition, the intensity of the acoustical fields from the
rocket engine exhaust increase until lift-off. As the launcher rises, the strength of the field
reflected from the ground decreases. The acoustic field experiences a second increase as the
vehicle approaches the speed of sound due to aerodynamic disturbances. A vibrational response
results, which can be many times larger than the structurally transmitted vibration. For typical
launch vehicles, the acoustic noise environment has a sound pressure level of 137 to 145 dB as

shown in Figure 1 [16,37].

Meteoroid/Debris. Obviously, if space debris or a meteorite penetrates a pressurized module,

the damage caused to wiring insulation will be a trivial part of the overall hazard.

_. For NASA pressurized modules, the relative humidity (RH) is not to exceed 70%
or fall below 25% [35]. Most NASA spacecraft will experience a worst case humidity
environment when being assembled, stored, and transported before launch, as the environment is

not always regulated, and can rise to the earth's humidity level of up to 100% [23]. While the
launch vehicles are on the launch pad, the payload environment is regulated to 50% RH or less

[3,15,29,38].
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Figure 1. Acoustic Environment of Payloads for Lamlch Systems [37]
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6.1.7

6.1.8

6.1.9

6.1.12

All wiring for space applications should be compatible with typical space fluids such as

hydrazine, hydraulicfluid,monomethylhydrazine, nitrog.cntctroxide,and ammonia as well as
others that may result in serious degradation of the wiring insulation.

Pressure. The pressurizod modules are regulated at constant pressures of 69 to 101 kPa (10 -

14.7 psi, 517 - 760 Tort) [36].

Electromatmetic Radiation. The pressurized modules will shield the wiring from exposure
to the ultraviolet radiation of the space enviroment.

Particulate Radiation. The pressurized modules, as a basic requirement, must be radiation

resistant enough to enable human habitation. The resistance of electrical insulations to particulate
radiation will be better than that of humans or electronics [39].

Atomic Oxygen. Not Applicable.

G_tv. In LEO, the residual gravity is not zero, but ranges from < lO-_g to lO-3g. While the
fundamental aerodynamic minimum levelis 10-6g,the 10-4gto 10-3grange willresultdue to

venting forces,stationkeeping thrusters,crew motion, and the gravitygradient [30]. The

payloads can alsoexperienceaccelerationsof up to8g duringlaunch[37].

Chareed Plasma. All of the wires for the Space Station Freedom pressurized modules are
assum-cd to be inside of the pressurized environment' and therefore unexposed to the plasma.

6.2 NASA LEO/GEO Onerational Environments

6.2.1 Electrical. In general, the vast majority of satellites built to date for both LEO and GEO have
power distribution at a potential of 28 VDC [34]. The power levels of present LEO and GEO
spacecraftrange inpower capabilityfrom a few Watts to a few kW. The highestflown todate

was Skylab,which had an averagepower levelof 8 kW [40,41].
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6.2.2 _dl_,£g_. The _utrc environn_t in LEO is extreme due to the contrast between Sun

exposure and Earth shadowing. This can range from -65°C to 120°C .[25,36].. The frequency
which a satellite will experience an eclipse increases as me satellites mtimae aecreases, mlS 1s
shown in Figure 2. Typically, for a 550 km orbit, there will be about 15 eclipses per day,

resulting in 5500 thermal cycles per year [37].

Figure 2.
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In GEO, the eclipse seasons are as shown in Figure 3. There are seasons of about 45 days,

twice per year, with a maximum shadow time of 1.2 hours per day. As a result, there will be 90
thermal cycles per year. The approximate temperature range of these cycles is expected to be
from -196°C to 128"C [37,42].

Figure 3. Eclipse Seasons in Geosynchronous Orbit [37]
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6.2.3

6.2.8

6.2.9

_J_[l_,g_- The lack of significant oxygen or pressure makes a fire on orbit an impossibility
unlessitoccursinthepresence ofoxygen such asinsidea fuelcelloxygen tank [8].

Vibration. See discussionforPressm'izedModules Section6.1.4.

Particle Imnacts. The LEO environment ismore severethan the GEO environment, and can

resultin an impact fluxof 11 to26 impacts/m2/ycarforparticlesof significantsize[43]. Smaller

particlescan be significantifthereisa charged plasma environment because an arccan result,or

ifthesurfacehas importantopticalproperties[21].

_. See discussion for Pressurized Modules Section 6.1.6.

_. The LEO environment will have pressures ranging from 10 .8 to 10-3 Pa (10. _° to 10. 5
Torr) [19,44]. The GEO environment will have pressures which approach the interplanetary
value of 10 -n Pa (7.5 x 10 -14Torr) [45].

Eleetroma_,netic Radiation. The total energy received from the Sun per unit area at 1

Astronomical Unit (AU) is the solar constant, and it equals 1353 W/m 2 at air mass zero (AM0).

The region of the solar spectrum which contains 99.5 percent of the total energy is the region
from 0.12 lana to 10 p.rn, or the UV, visible, and IR bands as shown in Figure 4. The energy of
the radiation is inversely proportional to the wavelength, therefore the ultraviolet light is higher in

energy than the visible or infrared. The energy of the UV radiation can be high enough to cause
excitation, if not ionization, in some materials. Over the whole UV wavelength range, up to 400

nm, the intensity average is 118 W/rrd [16].
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Figure 4. Spectral Distribution of Sunlight [16]
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Other types of Electromagnetic radiation include x-rays and gamma rays having wavelengths of

approximately 10.8 crn. Although these types of radiation are high in energy, they are not found
in high enough levels to be a significant part of the natural radiation environment [16].

Particulate Radiation. Particulate solar radiation consists primarily of the protons.and

electrons of the solar wind. These are trapped by the Earth's magnetic field forming me

Plasrnasphere or the Van Allen radiation belts. The formation of the Earth radiation environment
is shown in Figure 5.

6-5



Figure 5. Earth Particulate Radiation Environment [16]
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The plasmasphere isdividedintotwo zones,an areaof mostlylow energy electrons(20 keV to 1
MeV) and high energy protons('e600MeV) extendingfrom about 480 km to 6400 krn above the

Earth,and an area consistingof very high energy electrons(20 keV to 5 McV) with a small

number oflow energy protons(-60 MeV) which extendsfrom 16,000 to58,000 km [16,22].

Solarflareparticles,although sporadic,are considereda greatradiationhazard,as theyresultin

proton and Alpha particle(He+)emissionsof up to 100'sof MeV's. Galacticradiationconsists
of 85% protons, 14% Alpha particles,and I% heavier atoms, and have very high energy

(>1000's MeV); however, the intensityofexposure islow (2.5particles/cm2s)[16,22].

The Auroral radiationzone islocatedbetween approximately 60" and 65°geomagnetic latitude

and consistsmostly of low energy (< 200 keV) electronsand some protons. These particlesdo

not representa seriousradiationproblem [16].

The majority of radiation at synchronous orbit are solar flare protons, as opposed to particles
trapped by the Earth's magnetic field [ 16].

Atomic Oxveen. The wires may be exposed to an extreme atomic oxygen environment. On

average forlow Earth orbits(400 -500 kin),the atomic oxygen exposure can range from 1011-
10 TM atoms/m 3 with an average atomic energy of 4.3 to4.4 eV [43,46]. However, the levelof

exposure isdependent on the solaractivityas shown in Figure 6. This leads to an equivalent

fluenccfortestingofwiringinsulationof 1020- 1022atorns/cm2/ycar[14,46].

G_tv. See discussion for Pressurized Modules Section 6.1.11.

Charmed Plasma. The plasma environment for LEO has an ion density (positive or negative)
of 3 x-104 to 9x 10s cm -s depending upon the degree of solar activity and orbit position. The
thermal energies of the electrons and positive ions axe in the range of 0.1 to 0.2 eV,

corresponding to temperatures of 1200 K to 2400 K. In general, the plasma in LEO is a high
density, low energy environment and can lead to arcing from exposed surfaces to the ambient

plasma [18-20,36].
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TheGEO plasma environment is a low density, high energy plasma, and can result in significant
charging which can lead to arcing between spacecraft surfaces. The worst case gcos.ynchronous
plasma environment, which should be used in predicting spacecraft potentials, arc lpven by ion
and electron densities from 0.24 to 1.12 cm -3 and thermal energies of 120 to 295 kcV [18-20].

I000
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200

Figure 6. Atomic Oxygen Density Levels [47]

Mbin

MaximumSolarActivity

Number Density, m-3

6.3 NASA Trans-atmosnheric Vehicle Overational Environments

6.3.1 Ei_tHc_. The space shuttle has a 28 VDC power system, supplied by 3 primary fuel cells,
while the power distribution systems for the expendable launch vehicles are from 28 to 270
VDC. The space shuttle's primary fuel ceils can supply a total of 7 kW of steady state power to

the payload and habitat region of the vehicle [29-32].

6.3.2 _,Illl_aIll_. For the space shuttle, the temperature range is -156°C to 200°C, while for
expendable launch vehicles the range is -200"C to 260"C [3,29].

The launch vehicle will endure thermal cycling dependent upon its altitude and duration in orbit.

The space shuttle in LEO will endure frequent thermal cycling with great extremes (-65"C to
120°C); however, it is only in orbit for a few days at a time. An expendable launch vehicle is

only operational in orbit for a few minutes/hours, so thermal cycling is not a concern.

6.3.3 _. See the discussion for the LEO/GEO environment (6.2.3), except for the

pressurized regions of the space shuttle, which are included in the Pressurized Module
discussion (6.1.3).

6.3.4 Vibration. See the discussion for Pressurized Modules Section 6.1.4.

6.3.5 Particle Impacts. See the discussion for LEO/GEO Section 6.2.5.
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6.3.6

6.3.7

6.3.8

6.3.9

6.3.10

6.3.11

6.3.12

_. See discussion for Pressurized Modules Section 6.1.6. For the Space Shuttle, the

only areas with a controlled humidity environment are the payload bay and crew cabin. The
humidity is not controlled during the roll out from the KSC Vehicle Assembly Building to the
launch pad [23].

Pressure. The trans-atmospheric vehicle pressures will range from 101 kPa (760 Torr) at Sea
Level to 10"11Pa (7.5 x 10 -14Tort) for interplanetary altitudes. Above 2500 kin, the gas pressure
decreases exponentially with increasing altitude, and reaches the interplanetary value near 20,000
km. For the space shuttle, the pressure in the cargo bay is affected by the movement of the
shuttle. The pressure is nominally 104 Pa (104 Tort) after the thrusters are fixed for 1 second,

and reaching 4x 104 Pa (3x 104 Tort) after 1 minute of firing[19,45].

Eiectromatmetic Radiation. See discussion for LEO/GEO Section 6.2.8.

particulate Radiation. See discussion for LEO/GEO Section 6.2.9.

Atomic Oxygen. See discussion for LEO/GEO Section 6.2.10.

G_tv. See discussion for Pressurized Modules Section 6.1.11.

Chareed Plasma. The plasma environment of a launch vehicle is expected to range from a
non-plasma environment on earth, to that of the LEO and GEO environments. For a vehicle
traveling beyond a GEO orbit, the plasma environment in free space is approximated by that at

GEO [18,19].

6.4 _IASA Lunar and Martian Surface Onerational Environments

6.4.1 Electrical. When Lunar and Martian systems are developed, the baseline system will likely be
based on technology developed for Space Station and Space Shuttle programs. Electrical
distribution levels considered will range from 28 VDC to 160 VDC. High .frequency AC power

distribution may also be considered, because of the expan ".d_ugpower reqmrements and utility
type system requirements [48]. Total power system reqmrements for permanently manned
outposts have been proposed ranging up to 150 kW for Mars and 725 kW for the Moon.
However, recent estimates for the Moon and Mars power requirements are 50 kW and 20 kW

respectively. Additionally, systems with even lower power levels have been proposed as a way
to reduce the mission costs [33,48-51].

6.4.2 If,_lfdlKU_. The surface temperature of the Moon, due to the lack of an atmosphere, varies
greatly during the day and night cycles. During the 364 hour lunar day, the temperature can rise
to Ill'C, while during the equally long lunar night, the temperature can drop to -171°C. The

lunar day/night cycle of 28 days results in 13 cycles in 1 Earth year [45].

The existence of the thin Martian atmosphere, and the decreased solar intensity (590 W/m 2) due
to the increased dislance from the sun (1.5 AU), result in a smaller temperature range than on the

lunar surface. During the daytime, the temperature is a moderate 27°C, while at night, the

temperature can drop to -143"C. Similar to the lunar surface case, the Mars thermal cycles are
dependent upon the day/night cycles (12.3 hr day/12.3 hr night). Therefore, 356 cycles per
Earth year will occur [45,52].

6.4.3 _. See discussion for LEO/GEO Section 6.2.3.

6.4.4 _. See discussion for Pressurized Modules Section 6.1.4.

6.4.5 particle Imnacts. The Moon is bombarded with meteoroids and micrometeoroids. These
micrometeoroids are the result of cometary debris, interstellar grains, and lunar ejecta. With no
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6.4.6

6.4.7

6.4.8

6.4.9

protection from an atmosphere, impact velocities range from 24 to 72 km/s. The actual hazard is
small for meteoroids with pit sizes approximately equal to 500 pm in diameter, which have an
impact rate between 0.01 to 0.5 impacts/m2/yr. Additionally, meteoroids of approximately 100
grams will have an impact rate of 1.2 x 104 impacts/kmVyr, with larger meteoroids impacting at
even lower rates [45].

On Mars, due to the atmosphere, the probability of meteoroid impact is very low [52].

_. See discussion for Pressurized Modules Section 6.1.6. Additionally, on Mars the
average amount of atmospheric water vapor is 0.03% by volume. The water vapor concentration
is closely linked to the temperature distribution; during most of the year and at most latitudes the

atmosphere holds all of the water possible (100% relative humidity) [45].

Build up of dust particles on lunar surface wiring is likely to occur due to surface activities.
Direct degradation of the insulation in contact with the lunar soil may not be an issue, but the
secondary effects of dust accumulation must be considered. Studies have estimated that a layer
of dust more than about 11 Bm would not only effectively block thermal radiation, but it would
also limit all heat transfer to the insulation, due to the poor conductivity of the lunar soil [53].

Pressure. Due to the fact that there is no continuous "lower atmosphere", the "upper
atmosphere" extends to the surface of the Moon and it is nearly a collisionless gas. The density
is approximately 2 x 10s molecules/cm 3 at night corresponding to a pressure of 10 q° Pa (10. _2

Torr) [45,54].

The surface atmospheric pressure on Mars varies with the seasons, ranging from 600 to 1500 Pa

(4.4 to 11.3 Torr) [45].

Eleetromatmetic Radiation. When the lunar surface is exposed to the Sun, the solar flux is

1371 W/m2,due to the lack of significant atmosphere. The ultraviolet radiation exposure on the

lunar surface will be equal to 1 UV sun [45].

The solar radiation on the surface of Mars ranges from 590 W/m 2, without forward scattering by

small particles in the Mars atmosphere, to 649 W/m 2, if the scattering is taken into account

[43,45].

particulate Radiation. The particulate radiation exposures on the lunar surface are shown in
Table 3. The solar wind consists mostly of H and He nuclei, and is the dominant source of the

lunar particulate radiation. Surface features exposed to the solar wind, with a velocity of

approximately 400 krn/s, are gradually smoothe._t, by aprocess known as sputte.ring.. Ho_we__'__,
this process poses little hazard to equip, ment on me surface, ror exampte me erosion ttreurne ox a
rock with a diameter of only 10 .6 m is estimated to be l0 s years [45]. Solar cosmic rays are

ejected from the sun during solar flares, and are dominated by the nuclei of light atoms (H, He)
while heavier nuclei (Ca, Fe) also occur. These high energy particles can penetrate the lunar
surface materials to a depth of 1 cm [45]. Galactic cosmic rays are charged particles from outside
the solar system, and are the most energetic particles to reach the lunar surface. They have lunar

penetration depths that exceed 1 m, but the flux rate is significantly lower than that of solar
cosmic rays [45].

Table 3.

Source

Solar Wind

Solar Cosmic Rays

Galactic Cosmic Rays

Penetration
Depth (era)

10-3 10-6

1 to 102 10-3to 1

10 2 to 104 1 to 103

Lunar Particulate Radiation [45]

MeV/nucleon Proton Flux
(cm-z_e-1)

10s

1o2
I
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6.4.12

On Mars, the atmosphere below 120 km is dominated by CO2. Just below 130 kin, the ion
concentrationsof O2+ and CO2 + are attheirpeak of 105 cm "3and a temperatureof 150 K. At

altitudes of 225 kin, O+ ions are at a peak of 103 crn -3, with a temperature of 210 K. Above this

altitude, departure from thermal equilibrium with the neutral gas occur, and the ion temperature
increases rapidly to over 1000 K [45].

Atomic Oxygen. Not Applicable.

G_tv. The gravity on the surface of the Moon, because it is less massive than the Earth, is

0.165 g or 162.3 cm/s 2. On Mars the gravity is 0.38 g or 372.52 cm/s 2 [45].

Chareed Plasma. At the Moon, the solar wind plasma consists mostly of charged H and He
nuclei_ Additionally, solar cosmic rays ejected from the sun during solar flares, and Galactic

cosmic rays, from the outside the solar system are present. These charged particles may cause
potentials to develop between the spacecraft and ground, resulting in electrostatic discharges
[45].

The interaction of Mars with the solar wind is a cross between a magnetospheric interaction and

an atmospheric interaction [45].

6.5 Aircraft Onerational Environments

6.5.1 Eieet_. The electrical power systems for military aircraft are primarily 28V with frequencies
from DC to400 Hz [53].

6.5.2 _,f, illli_. The properties of aircraft wiring have been analyzed in testing with temperatures
in the range of-65°C to 230"C [53].

6.5.3 _ktlIlfl_]lf, fJg. Military aircraft operate in the earth's atmosphere, where dry air has an oxygen

content of 20.95 % by volume on average [55].

6.5.4 _. Acoustical vibration can result in aircraft because of jet wake and combustion

turbulence. This vibration can range up to 500 Hz and a maximum amplitude of approximately

25 IJ.rn [16].

6.5.5 Particle lmnacts. Not Applicable.

6.5.6

6.5.7

G_/Fluid. A wide range of aerospace fluids need to be considered, including lubricating oil,

hydraulic fluid, dielectric coolant fluid, isopropyl alcohol, gasoline, and others [53].

Pressure. The aircraft pressures range from the sea level atmospheric pressure of 101 kPa (760
Torr) to 6.5 kPa (49 Tort), which simulates an environment of 18,000 m (60,000 feet) [53].

6.5.8 Electromatmetic Radiation. See discussion for Trans-atmospheric Vehicle Section 6.3.8.

6.5.9 Particulate Radiation. Not Applicable.

6.5.10 Atomic Oxveen. Not Applicable.

6.5.11 .C.v£a.¥i_.Not Applicable.

6.5.12 Char_ed Plasma. Not Applicable.
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SECTION 7. NASA TESTING REQUIREMENTS FOR
SPACECRAFT WIRING

The operationalenvironments, combined with specificoperationaland design factorsfor the various

spacecraft,which can lead to additionaldegradation or provide built-inprotectionfrom the space
environments, determine the NASA testing requirements. Then by considering the testing which already

has been performed by NASA, the DOD and o_er agencies, the additional testing necessary to address the

NASA operational environments are given in this section.

7.1 NASA Spacecraft Desitm/Ooerational Factors

Along with the operational environments presented in Section 6, spacecraft are designed to reduce or
eliminate the exposure to certain environmental conditions. In most cases, this is because, depending on

mission length, none of the insulations used to date could survive full exposure to the space environment
without protection of some kind. Additionally, the mission of some NASA spacecraft lead to degradation
due to operations which are not addressed by strictly considering the environments, an example of this is
the space shuttle maintenance requirements. In this section, the spacecraft design and operauonal factors
which reduce the influence of space environments or give rise to additional degradation possibilities are

discussed.

7.1.1 Pressurized Modules. One area where the design of the pressurized modules may eliminate the

need for testing is in exposure to space fluids. The pressurized modules, as shown by current
designs for both the space shuttle and space station, will have a much more controlled
environment, fluid systems are designed to ensure that their fluids do not contact electrical power
wiring, and exposure inside the modules to launch vehicle fluids are unlikely [23]. Additionally,
the activity of the crew members, as well as any maintenance procedures, can lead to unacceptable
mechanical stresses on wiring insulations, accelerating the rate of degradation [23,33,40,49,50].

7.1.2 _. When considering the meteoroid and debris, atomic oxygen, and radiation
environment, system design must take into account the probability and criticality of a failure, and
then shield the insulation, or provide redundancy, to bring the hazard down to an acceptable level.

Many current and future satellites are expected to require operations beyond 10 years, all polymeric
materials will degrade rapidly in such environments, and they must be protected if significant

lifetime is required [23]. For L O/qEO sa.temtes,because they are generally autonomous and
unserviced, improper handling of msulatton is omy a concern before launch during assembly, test,
and launch procedures [23,33,40,49,50]. According to existing NASA recommendations,
electrical cables and wiring must be enclosed in a "faraday cage" for protection from the space

plasma [18].

7.1.3 Trans-atmosnheric Vehicles. The operational environment for the trans-atmosphefic vehicles

are in general the same as the LEO/GEO spacecraft, and ELV's have a relatively short mission life.
However, the space shuttle orbiters can sustain additional mechanical damage because of their
reusabilty and resultant continuous maintenance procedures. These lead to high levels of personnel
traffic in areas of limited working space, which in the past have resulted in insulation damage due
to extreme mechanical stresses [23,33,40,49,50]. This has resulted in redesigns to wiring

harnesses, rerouting, and additional physical protection for the wiring systems [9]. Any systems
with similar maintenance requirements should consider the problems associated with the space

shuttle wiring systems.

7.1.4 Lunar and Martian Surface Missions. Again, as in the LEO/GEO case, assuming a

significant lifetime is required, the system must be designed to alleviate the damage as a result of
meteoroids (Moon only), and radiation. The activity of the crew members, as well as any
maintenance procedures can lead to unacceptable mechanical stresses on wiring insulations,

accelerating the rate of degradation [23,33,40,49,50].
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7.2 Cgmnarison of NASA Reauirements to Existin_ Testin_ Data

Many of the conditions outlined in Section 6 have been addressed previously in DOD and NASA testing
programs. In most cases, repetition of testing is not required or desired. This section will discuss the
areas where additional testing is not needed du¢ to the existing database of testing information.

7.2.1 Existin_ Testina for Aircraft Environment The testing which has been performed for the

military aircraft iia the DOD programs, as detailed in Section 9, also addresses many of the NASA
requirements for the testing of wiring insulations. These programs are sufficient to address the

NASA requirements in the foUowing areas:

C_neral Properties: This includes analysis of the wire thickness, workmanship, diameter,

and weight when compared to the wire specifications.

Electrical Proverties: Including the requirements for corona inception and extinction,

impulse testing, insulation resistance, and dielectric strength under aircraft environmental
conditions (i.e. non-vacuum).

Moch_nical Pro_t_a'ties: Many mechanical tests have been perfom_ to verify the insulations
resistance to abrasion, cut through, repeated flexing, notching, cold flow, wire to wire
abrasion, and crushing. The wires stiffness was also taken into account.

EnvirQnmental Proverties: The resistance to hydrolysis as a result of exposure to humidity
(KSC salt fog environrnent), water, or alkaline cleaners meet the requirements of a NASA
system, since in general, the most severe humidity environment will be while on earth either

during storage or transport [13,23,53].

Certain space environments are also addressed by standard military wire ratings. For example,
wiring is rated for 100,000 hours at the maximum operating temperature, based on the rate that
insulations age when exposed to high temperatures. In general, space wiring systems will not be
exposed to temperatures higher than the wire rating [23]. However, additional testing may be

required to address the effects of thermal cycling.

7.2.2 gxistin_ Testin_ for NASA Environments. Other ongoing programs, such as the Space

Shuttle _md Space Station programs, have performed testing which addresses many of the umque
NASA operational environments. These include enriched oxygen (30%) and vacuum
environmental testing. The testing relevant to this program is summarized in Section 9. This

testing will be leveraged whenever possible, and repeated tests will not be performed. In many
cases, since the insulations being considered are hybrid constructions, testing may have been
previously performed on wire constructions using the same materials present in these
constructions. Therefore, the general behavior may be known, however, certain tests may be

necessary to determine the comparative capabilities of each specific wire type.

7.3 _dditional NASA Testing Reauirements.

By considering the NASA environments, the sp_ design and operational factors, and the existing
database of testing, the additional testing required for NASA are determined. The tests to be performed,
the NASA missions which they address, the test conditions/parameters, test method, and rationale for

testing are given in Table 4. Table 5 outlines the matrix of testing which has been identified, indicating
where the NASA operational environments have been satisfied by previous testing, and where additional

testing is necessary.
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Section 8. CONCLUSIONS

The results of Task #1 of the NASA Wiring for Space Applications Program were shown in this report.

This task presents the operational environments for the electrical power wiring of NASA space vehicles,
and outlines the additional testing required, beyond the testing performed previously by the DOD and

NASA, for use of the insulation constructions in NASA spacecraft The required tests will be performed

as a part of Task #2 of this program. Also, as shown in this report, there are operational considerations
such as maintenance procedures which can contribute to degradation of wiring systems. These wiring

system issues will be addressed in Task #3 of the program. The results of the testing and analysis phase
(Task #2) and the power wiring system analysis phase (Task #3) will be reported as they become

available.

Through this program, in conjunction with the efforts of other US governmental laboratories, industry,
and academia, a better understanding of arc tracking in wiring insulations will be achieved. In addition,

the top performing "hybrid" insulation constructions, such as those being addressed in this program are
expected to go through military qualification in the near future. It is anticipated that the efforts of the
NASA wiring program will be closely coordinated with the military efforts, such that the NASA and

military standards will be in agreement. The resulting database of information will help in the development
of lightweight, safe, and reliable wiring systems applying new wiring constructions which are resistant to
arc tracking, and suitable for use in aerospace applications.
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SECTION 9. APPENDIX A: SUMMARY OF EXISTING TEST DATA

This program is leveraging the large quantifies of valuable testing data gathered previously by DOD and
NASA programs. The related program reports and databases which were identified and used to develop a
database of existing testing information are given in references 11 - 13, 26, 53, and 56 - 59. This section
will give a description of the wiring insulation types which are used in these testing programs, and a
smnmary of the testing results f_om these programs to date.

9.1 Candidate Wirin_ Constructions

Table 6 describes the wire types which have been included in the existing testing for aerospace and space
applications.

Table 6. Description of Insulation Constructions [$3]

1

2

3

4

5

6

7

8

9

I0

11

12

13

14

15

16

17

18

19

20

21

22

23

Smple Dem_pUe. Cemmeats

XL-LrI_ mmla_d wh_, a_ oo_d oopl_,
vay_ h_id_r.

MIL-W-81381/7 6 rail wall polyimide immlation, silve_ mated copper. Control wi_ mariaed me by afilitary md NASA due to a_ _[12,15].

MIL-W-81381/11 $.6 rail wall polyinfide imuhtion, _lver mated oopper. Control wi_ re_ic_t me by =filitary and NASA due to a_ _[12,15].

MIL-W-22759/12 PTI_ m.Tlb_ hmdated wh_ nic_el ooated oopper. High tempemtm_ imml_on oammtly in uae on _:_'ai_

MIL-W-22759/I 6 El3b_ immlaU_ wi_., tin ¢oauxl ¢oppar, m_lium w_ po_ tlammabih'ty pedomance in en6ched oxygen envimnmmt [57].

MIL-W-22759fI8 BTEB inmlated wire, tin ooated copp_, li81_ _ poet flammability perfoman_ in emid_t oxygm mvimement [57_

MIL-W-22759/32 XL-ETI_ inmlated wh_, tin mated copp_. Po_ flammability pedoemance in emiched oxygm envireemmt [57].

MIL-W-22759/34 Po_ i_unmability perfmmance in em'khed oxygen _ [57].

XI._ETI_ h,mlated wi_ ,_ver coated copper,
MIL-W-22759/43 aomml weishL

MIL-W-16878 _ iamhted wh_ _lve_ ce,ted ooEpe_, Type EE.

SSQ-21652 Sflioene imalated wire, nickel orated _e_.

TI_ imulated wi_, nickel mated copl_
SSQ-21656 (aim NGTW-TFB-xx).

M]P571-0_6 Polyimide imulated wire, nickel coatedceppe_.

_ _tmaon_16 gapton(50%MhOL)/
Fdetex- TICT Prfe D_pmkm

Temolite - TKT 200A/919 (50_ Min OL)IFrFE Tape (50% Min OL)

Mo(E_d FIFE Tape (50% OL)frlrr Tape (50% OL)/
_-TKT Mod PI'FE Taqpo(50% OL)IffI'FE Di_

Gore _725 _ (50% OL_ IrrFE (50_ OL)

Nema #3 - TEl" 616 Kaptm (45-50% OL)/Extmd_ _

Ba_d - TKT 2919 Kaptm (50_ OL)Khamtered _ Tape, Bmtwrap

Nema $2 - TKT FIFE Tq_/616 Kaptee (50% OL)AYI'FE Tape

New P-FP Tape ($0% OL)/New P-FP Tape
DeP_ (PEP) (50% OL)/EP

m'm T_Te (5O% OL_ (50% OL)
Brand l_x - TKT fXL BTI_ T_ (50% OL)

C_l_n - "I'KT 2919 I_ (50% OL)/]_xtmdod XL EEFE

TRW o PFHTRW- PEPI

C_ml wi_ for ai_mft te_n8 pedonnod by Air Foro¢ [53].

Not in NASA qpmved lmm lt_ (MIL-STIMr75).

Imehfien treed md approved for Space Station Pmgmn [26].

Imelafien tested ,nd q_mved for Slmoe Station Prognm [263.

Polyimide oon_ol wi_

One of top "hybrid" inmlafiem from the Air Foroe program [53].

One of top "hybrid" inmlatiom from the Air Foroe program [53].

One of top "hybrid°' inmhtie_ from the Air Foroe ptosram [53].

_ pmmi_ in the Air _ pmsram but dropped due to single
murce pmhibifien, _ to be continued in NASA pmsram [53].

One of top "hyl_id" mmlafiem flora the Air Foroe program, but not
av_lal_efor_ te_in8[53].

Eliminated from fuahe_ truing at_erthe Air Fore program [53].

Eliminated from _the_ _ tt_ the Air For.e program [53].

Elimimted from fegber te_ afte_ tbe Air Fore pmsram [53].

from faah_ maing _a_r the Air F_ program [531.

Efiminated f_m farther teeing at_r the Air Fome program [53].

New immhtim_ mam_ to be tested further in the NASA pmgnun.

Abbreviations: 2919 Kapten =

200AJ919 -

0._ n_ Fiuom_b_ (In'ES), i miH_ylm/_, 0-_ mi] l_uommbon (Fr_)
0.1 rail Eu_mo.-boa (ESP), 1 rail _o]y_id_, 0.] mi_ Rm_ad_
0__ n_l FI_ (FrFE), t nfil Polybnide, 0.5 rail R_ (FrFE)
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9.2 Denartment of Defense Wire Testing Programs

This section gives a summary of the data which has been gathered for wire insulation testing by DOD

programs which are also applicable to the objectives of the NASA Electrical Power Wiring Program.
These include the programs of the Air Force Wright Laboratory and the Naval Research Laboratory.

The Air Forge WL program evaluated new insulation constructions for aerospace wiring applications. The
results from this work are summarized in Tables 7 -10, where the sample numbers are as definedin

Table 7. WL Aerospace Wiring Test Results - General Properties [53].

Test Title

Finished Weight

Finished Diameter

Conductor Diameter

Wire Wall Thickness

Examine Product

Test Method

SAE AS-4372

SAE AS-4372

ASTM_3_2

SAE AS-4373
Method 401

SAE AS-4373
Method 901

SAE AS-4373
Method 9O2

SAE AS-4373
Method 713

Test Conditions/
Parameters

1000 hn, 200.C
thermalagmg

Unconditioned wire

Unconditioned wire

Unconditioned wire

Unoonditimed wire

Unconditioned wire

Unconditioned wire

Samples

1, 2, 8, 13-15, 17

1, 2, 8, 13-15, 17

1,2,8,13-22

I_8,I_

1, 2, 8, 13-15, 17

1, 2, 8, 13-15, 17

1'2,8,13-22

Conclusion/Comments

Fdotex, Thennatics, Tensolite and
MIL-W-22759 performed besL

Fdotex and Thennatics performed best.

Ansamplescomparable.

An smnples ¢x_nparable`

Anum_es ooe_ble`

Fdotex, MJL-W-22759 and MIL-W-81381
weighed _ Tensolite was heaviest.

M22759 best,M81381 worst.

Table 8. WL Aerospace Wiring Test Results - Mechanical Properties [53].

Test Title

Abruioe

Dynamic
a'nrongh

Flex Life

Notch Propagation

Stiffness and
Spnnghack

Cmsh Resismnce

Inmlafion Impact
Resistance

Tensile Strength

Wire to W_e Rub

Test Method

SAE AS-4373
Method 701

SAE AS-4373
Method 703

SAE AS-4373
Method 704

SAE AS-4373
Method 707

SAE AS-4373
Method 708

ASTM D-3032
Section 20

ASTM D-256
Method A

SAE AS-4373
Method 706

MDA Test
Method

Test Conditions/
Parameters

1 - 3 Ibs, 60 Hz @ 25 & 150"C
Unaged a_d at 1000 hrs/200"C

23"C, 70"C, 150.C, 200"C
Unaged and at 1000 hrs/200°C

180"bend @ 30 cy_
Unaged and at 1000 hrs/2(X}'C

50 & 67% notch depth Unaged
and at 1000 hr_/TJ_C

Unconditioned samples

Unconditioned samples

O.O(P..5dimnetefimpactedge

Unconditioned umlples

48 cy_ 870 hrs

Smples

1"2,8,13-22

1,2,8,13-22

1,2,8,13-22

13,8,13-22

1,2,8,13-22

1, 2, 8, 13-15, 17

1, 2, 8,13-15, 17

1, 2, 8, 13-15, 17

1, 2, 8,13-15, 17

Conclusion/Comments

Fdotex, Tensolite, Thenmtics good, Gore
sample did not performwelL

Kapton peffccmed best, Tensolite and
Thennmics were next best pedormers.

Kaptm & Gore best sample, all other
uenpl_ similar in performance.

Fil_.x, Tensdite, Thennatics, and
MIL-W-81381 performed equally well.

MIL-W-81381 is stiffest, all other s_aples
oomparable in their pedormance`

MIL-W-81381 is best, all other um_ple_

oompamble in their performance`

MIL-W-81381 is best, all other uanples

comparable in their perform_ce`

MIL-W-81381, Thermmics and Temolite are best-

Anuanpl_o_nparable`
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Table 6, and the final statistical wire rankings are given in Table 1I. The top three "hybrid" candidate
constructions when compared to MIL-W-81381 had increased flexibility, had good performance in wet
and dry arc tracking tests, and had increased temperature capabilities, but they had slightly lower
mechanical properties [53]. When compared to the MIL.-W-22759 (XL-ETFE), they had superior
mechanical properties in temperatures greater _an 70"C and were superior in the flammability and smoke
generation tests, but had less flexibilty [53].

Testing performed by the Naval Research Laboratory on polyimide degradation due to exposure to
humidity environments and also for susceptibility to arc tracking are reported in references I I - 13 and are
outlined in Table 12. Again, the samples are as described in Table 6.

Table 9. WL Aerospace Wiring Test Results - Electrical Properties [S3].

Test Title

Impol_ DieJecuic

l'nsulafiooR,_imoce

Test Method

SAE AS-4373
Method 503

SAE AS-4373
Method 5O4

Test Conditions/
Parameters

8kV, unccadidoaed wire

i Thermal _ (lO00 hrs/200"C)

Samples

I,2,8,13-15,17

I_,S,13-22

Conclusion/Comments

Irflotex,Teasoli_, Go_ MIL_W-81381 and
MIL-W-22759 areMI compm-able.

Anmn__k.

SlinkTest SAE AS--4373Method 503 1.5kV,ancooditioaedwire I,2,g,13-15,17 AllsmnpleacomlmmbIe.

Dry DielectricTest ShE AS-4373Method 503 2..5kV,tmconditioaedwire I,2,8,13-15,17 Allsamplescomparable.

ValiSe Withstand SAE AS-43'73 Thezmal aging (1060 hiW'200"C') 1,2,8,13-22 Allsamplescomparable.
Method 510 2.5 kV, 60 I-Iz@ 500 V/s

Die_ecuic Comtant ShE AS-4373
Method 501 UncondRioned wire 1, 2, 8, 13-15, 17

SAE AS-4373
Method 502

SAE AS-4373
Method 506

ShE AS-43"/3
Memod 507

CIV/CEV
(AC & DE)

Surface Resistance

Thne/Curreat to
Smoke

400 I-Iz& DC, 49 & 758 Tcrr

96 hn/95% RHI25"C

10A+ 5Ar30s

2.5 times free air rated ¢_'rem
(AWG #22 - It,_t = 45 A)

28VDC

28VDC, 115 V/400Hz

Wire Fmin8 Tnne

Dry Arc _

BSI D_ Arc
Resistance

1, 2, 8, 13-15, 17

1,2,8,13-15,17

1,2,8,13-15, 17

1,2, 8, 13-15, 17

1,2,8,13-22

1,2,8,13-15,17

SAEAS-4373
Method511

SAE AS-.4373
Method 301

BSI 9O/76828
BS190/80606

TeosolRe, MJL-W-22759, and Pilccex beat
_ple.&

Teasolite best, Thennafics wont.

All samples mmpamble.

An_pie,com_abl,.

Temoli_andMIL-W-81381pedonnedbe_.

Bundled wires, Knptou showed pmpagatioa, most
other utmple_ didn't, most failed vollage test.

Bundled wires, Thennali_, Temolite, and
Hlo_e_ be_ wke uenple typ_
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Table 10. WL Aerospace Wiring

Test Title

Aging Sud)flity

ThermalIndex

ThermalShock

Thcamal Asms

Cold Bead

_ty

Toxicity - Burning

SmokeQuamity

WetArc Tracking

Fluid Immersion

ForcedHydrolysis

Test Method

SAE AS-4373
Method5I0

SAE AS-4373
Method 804

SAE AS-4373
Method 805

SAE AS-4373
Method807

Test Results - Environmental Properties [$3].

Test Conditions/

Parameters
Samples Conclusion/Comments

230'Cfor 96 I_ 1,2,8,13-15,17 All u_ples comparable.

220-280"Cagingtobmdfafl_ 1.2,8, 13-15, 17 _x, Teauiite, Thennaticsand
MIL-W-81381are comparable.

Fdote_ TenuiRe, MIL-W-22759and
.55°C to 200"C,4/30 mincycles 1,2,8,13-15,17 MIL-W-81381arecomparable.

1000hts at200"C

SAE AS-4373 -65"Cfor 4hrs,2 q_a wrapingMethod702

SAE AS-4373
Method801 Ambiantair

Naval
Standard 713

SAEAS-4373
Method803

SAE AS-4373
Method509

SAE AS-4373
Method603

ShE AS-4373
Method6O2

SAE AS-4373
Method 603

I to 2 grambum mau

Radiantheatand flamee_

Unconditimedwile

Aerospacefluids

5% saltwater,70"C,720 hn;
Unagedaad at 1000hr_'C

70"C,95%RI-I,360 his

_e_m

Thermafics,Pil¢_, Temolite and
MIL-W-22759were similar.

ShE AS-4373
Method 607

I, 2, 8, 13.15, 17

1,2, 8, 13.15, 17 Fdc_t and Tansolitewerebest samples.

MIL-W-81381,Temolite andFilotex
1_,8,13-22 arecomparab_.

12_8,13.22

1,2, 8, 13.15. 17

1,2, 8, 13-15,17

1,2,8,13-22

Filote_ Them_ics, and MIL-W-22759

Wi_

Weight Loss SAE AS-4373
Method604

Weathering SAE AS-4373
R,_ttmw._: Method606

All ether samples performedsimilady
betterthanMIL-W-22759.

Hlotex,TensoliteandThennatics all o3m_.

All .mple_ a_ comparable.

Temoliteand MIL-W-22759were the
1,2,8,13-15,17 be_ pedonnen-

MIL-W-22759was best, Hl_ex and
1,2,8, 13-15, 17 Tansolitenextbest.

I,2, 8, 13.15, 17 All u_ples comparable.

36Tort, 200"C, 384 hr_ 1,2, 8, 13-15, 17

120/8 hrUVcycles, 40 - 70"C 1.2,8, 13-15, 17

Temolite pedonned best.

An insulationscomparabte.

Table 11.

Wire Rank

WL

Screen Test
Unweighted

1

2

3

4

5

6

7

8

9

10

11

12

Aerospace Wiria 8 Test Pr%n-am Final Statistical Test Results [53].

Screen Test Full Performance

Aircraft Weighted Unweighted

Filotex Filotex Tensolite Filotex

Therw_ti_ Thermatics Filotex Tensolite

Gore* NEMA #3 MIL-W-81381 MIL-W-81381

NEMA #3 Gore*

MIL-W-81381 MIL-W-81381

Tensolite Tensolite

Full Performance
Aircraft Weighted

Thennatics Thermatics

NEMA#3 NEMA #3

MIL-W-22759 MIL-W-22759

Barcel Champlain --

Champlain Barcel m m

MIL-W-22759 NEMA #2 --

NEMA #2 MIL-W-22759 --

DuPont Brand Rex --

Brand Rex DuPont -- "-

* The Gore construction was eliminated after screening tests due to Air Force sole source restrictions.
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Table 12. NRL Aerospace Wiring Test Results [U-13].

Test Conditions/
ParametersTest Title Test Method Samples Condusion/Commmts

Wet Are Tracking ASTM D-2303 I% salt wat_ mlutioa 2,4,7 The polyimide insulation exhibited are
and flashove.r [12].

Hmnidity a_dca_ polyimide
Hydrolysis ASTM D-3032 60"C to 90"C, 70_ - 100_ RH 2 &gradmion [11,131.

9.3 NASA Wire Testing Programs

Testing has been performed in other NASA programs which are applicable to this program. Two specific
programs, one which addresses arc tracking for the Space Station Freedom program and another which
considers the flammability of ETFE and XL-EI'FE constructions in enriched oxygen en.virom_aents, are
discussed in references 26 and 57 and summariT__l in Table 13, with the samples as gtven m Table o.

Table 13. NASA Wirin_ Test

Test Title

Are Trad_g

Elecuk:al Wire

Results [26,57].

Test Conditions/
ParametersTest Method Samples Conclusion/Comments

JSC Test Method The SSQ-21656, SSQ-21652 and MIL-W-
"ITS# 8PL9120004 28 - 120 VDC. 117 VAC 4,7,9 - 12, 15,16 22759/34 did not arc track [26].

NHB 8060.IC Use of these imulatiom are not a ufe daoice f_
Test #4 > 25% Oz ccnce_alima 4 - 7 these emiehed _tygea envitmnmenu [57].

The NASA MSFC Materials and Processes Laboratory Technical Information System - MAPTIS [56]

contains the data from testing performed according to the NASA test specifications for "Flammability,
Odor, Offgassing, and Compatibility Requirements and Test Procedures for Materials in Environments
that Support Combustion," NHB 8060.1C. This database contains information on many tests, those
which are directly related to this program are summarized in Table 14. Again the samples are as described
in Table 6, with the exception of sample A, which is an unspecified MIL-W-81381 construction (i.e. no

/xx definition), and B is an unspecified MK_W-22759 construction.

9.4 Summary of Tests Performed vs. Wirin_ Constructions

Table 15 presents for the wiring constructions described in Table 6, a summary of the testing status for the
numerous tests identified as important for NASA wiring systems. The table outlines the tests which
already have been perfonrted, those to be performed in this program, those not necessary, and those which
are a low priority for tests which are not scheduled to be tested at this time, but may have research value.
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Table 14. NASA MAPTIS Test Data [56].

Test Title

UpwardFlame

Flash Point of
Liquids

Electrical Wire
Flammability

Test Method

NHBS060.1C
Test #1

NHB8060.1C
Teat #3

NHB8060.1C
Test #4A

NHB8060.1C
Test #4B

Test Conditioag
Parameters

20.9% 02, 14.7 psi
25.9% 02 , 14.3 psi
30.3% 02 , 9.3 psi
30.3%02,20.4 psi

100% 02, 14.7 psi

24%02,14.5psi
25.9%02,14.3psi

30%02,10_

20.9% 02, 14.7 psi
25.9% 0.2, 14.3 psi
30%02,10.2psi

2o.9%o2,14.7
25.9%o_ 14.3psi

30%02, lo t_
100%02,30p_

Samples

5,6
2
2

A,B
A.B

A
A,B

5

5
4
11

5,6
2,3

A,B,12
A,B

Conclusion/Comments

Various sample types have passed the
30% 02 e_vironmeat. Others have not
passed or not tested.

This test for infonnation only, no future tests
planaedinthisareL

Various sample types have passed the
30% 02 e_vimnmeat. Others have not
passed or not tested.

NHBS060.1C Polyimide sample passed test.
Od_ Assessment Test #6 26% 02, 12.3 psi, 120"F, 72 hrs A

Offgassed NHBS060.1C 20.9% 02, 14.5 psi, 120"F, 72 hrs 2,3,6 P°lyimide' l_l_--P"and XL-Iz-IPJ_samples
Pnxlucts Test #7 passed test.

Mechanical Impact NHBS060.1C 100% GOX, 50 psi, 480"F 2.11,16
for Materials in Test #13 100% COX, 14.7 psi, 75"F A,B Various samples have passed test.
LOX and GOX 100% LOX, 14.7 psi, -297"F A,B

Outgassing in ASTM E- 5x10"5 tort, 125"C, 24 hrs 2,11 Polyimide and siliccve rubbex samples have
V-_c--,n 595-90 passed the te_
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